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Abstract – This study investigated whether the visual stimulation 
at extremely low frequency (ELF) could possibly induce changes 
in the electroencephalographic (EEG) responses. The functional 
connectedness was examined between the brain regions when 
the Minimum Variance Distortion-less Response (MVDR) 
coherence algorithm together with Wilcoxon signed-ranks test 
statistical method was applied. The results showed that 
functional significance of EEG alpha rhythms at parietal, and 
occipital cortex, respond to oscillatory 13Hz and 16.66Hz light 
stimulation, respectively.  
I. INTRODUCTION 
 
oherence measures the correlations within discrete 
frequency bands for selected epoch lengths and is 
mathematically independent of signal amplitude. There 
are various existing methods used in calculating the 
coherence which explains for the variability in the findings 
reported in many EEG coherence studies [1]. Previous studies 
investigated spectral changes of the EEG responses to 
audio-visual and electromagnetic field stimulations [2-3], and 
hemispheric coherence [4]. Taplan et al. results confirmed 
that repetitive training with audio-visual stimulation at 
applied frequencies of 2-18 Hz, does induce changes in the 
inter-hemispheric coherence in alpha1 (8-10Hz) band with a 
significant increase between frontal parts and increased 
power in theta1 (4-6Hz), theta2 (6-8Hz) and alpha1 (8-10Hz) 
bands in the frontal and central cortex locations. In other 
visual experiments, the occipital cortex responded to light 
stimulation with 12Hz oscillatory waveforms [5] and 
suggests a functional significance of EEG alpha rhythms 
which may have quasi-deterministic properties. The changes 
in intra and inter-hemispheric coherences investigated in 
Cantero et al. study by looking into the changes of EEG alpha 
activity during relaxed wakefulness, drossiness and sleep 
onset and REM sleep [6].  
   The aim of this study was to investigate whether the visual 
stimulation could possibly induce changes in the EEG 
responses by examining the functional connectedness 
between brain regions. This connectedness between brain 
regions was evaluated by applying the non-parametric 
spectral estimation Capon’s algorithm, known as Minimum 
Variance Distortion-less Response (MVDR) coherence in 
order to improve the accuracy of our EEG analysis [7-8].  
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II. MATERIALS AND METHODS 
 
A. Subjects 
   The experiments were conducted on 33 healthy subjects, 24 
male and 9 female, with mean age of 30 years, S.D. 11 years, 
range 20-59 years. The RMIT ethics committee approved the 
study.  
B. Visual Stimulator 
   The visual stimulator consisted of light generated by arrays 
of light emitting diodes (LEDs). There were 2 LEDs placed in 
individual miniature double-Faraday cages for electrical-field 
shielding. The cages were attached to goggles so that each 
LED arrays was placed directly over each eye becoming the 
sole stimuli. The LED arrays emitted red light allowing easy 
viewing through closed eyelids. The main causes of electrical 
interference were the electrical signals driving the LED 
arrays, which could easily be detected in the EEG recordings 
during subject stimulation. The LED luminance lineariser 
circuit was driven by various static voltage signals while 
luminance measurements were tabulated. Tabor electronics 
(20MHz) programmable function generator (Series 8200) 
pre-programmed with 50Hz, 16.66Hz, 13Hz, 10Hz and 4Hz 
frequencies, DC offset of 0.75V and amplitude of 1.5V, 
generated sinusoidally modulated visual stimuli using LEDs 
and presented to subject’s eyes. The light emittance of one 
array of LEDs from one Faraday cage, positioned 
approximately 2.5cm from subject’s eyes was measured to be 
50 lux. 
C. Experimental Protocol 
   The EEG equipment used throughout testing was the 
Mindset MS-1000 recording system. Neuroscan 19 Channel 
Caps electrodes were used with referential montage of 16 
channels. The left cortex hemisphere electrodes: Fp1, F7, F3, 
T7, C3, P7, P3 and O1 were all referenced to M1 (left 
mastoid), while the right cortex hemisphere electrodes: Fp2, 
F8, F4, T8, C4, P8, P4 and O2 were referenced to right 
mastoid M2. The baseline EEG was recorded prior to 
stimulation for one minute.  
      The participant’s eyes remained closed throughout the 
visual stimulation (VS) period and their brain electrical 
activity was recorded. The entire experiment was performed 
with subjects lying down in the supine position inside a 
darkened, sound proof and RF shielded room. The visual 
stimulation experiment consisted of EEG baseline recording 
(1 min. epoch), followed by 1st VS session (1 min.) at 50Hz 
and simultaneous 2nd EEG recording (1 minute epoch). The 
EEG recordings were repeated during 16.66Hz, 13Hz, 10Hz, 
8.33Hz and 4Hz VS sessions. The original method applied in 
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this study consisted of computing coherence estimates of 
frequency bands corresponding to each stimulus frequency, 
as follows: the gamma EEG band (45-48.8Hz) coherence was 
calculated within the baseline (no stimulation) and 1st VS 
session (50Hz); the beta EEG band (16.6Hz) coherence 
calculated within baseline (1st VS 50Hz) and 2nd VS 
(16.66Hz); the alpha2 EEG band (13Hz) coherence calculated 
within baseline (2nd VS 16.66Hz) and 3rd VS (13Hz); the 
alpha1 EEG band (9.90-10.21Hz) coherence calculated 
within baseline (3rd VS 13Hz) and 4th VS (10Hz); the theta 
EEG band (7.98-8.62Hz) coherence calculated within 
baseline (4th VS 10Hz) and 5th VS (8.33Hz); and the delta 
EEG band (3.85-4.15Hz) coherence calculated within 
baseline (5th VS 8.33Hz) and 6th VS (4Hz). The total time for 
VS session was 14 minutes (8 min. for EEG recordings and 6 
min. for VS).  
III. SIGNAL PROCESSING 
A. Inter and Intra-Hemispheric Coherence 
   The EEG responses to visual stimulation were processed by 
examining the functional connectivity between brain regions. 
This functional connectivity was investigated by computing 
the inter and intra-hemispheric coherence. The 
inter-hemispheric coherence consisted of computing the 
functional connectivity between the left and right brain 
hemispheres. There were 8 coherence values computed as a 
result of 16 EEG recorded channels (Fp1-Fp2; F7-F8; F3-F4; 
T7-T8; C3-C4; P3-P4; P7-P8; and O1-O2). The 
intra-hemispheric coherence was also conducted to determine 
the functional connectivity between the left: temporal and 
occipital (T7-O1); central and occipital (C3-O1); and parietal 
and occipital (P3-O1, P7-O1) regions; and right: temporal and 
occipital (T8-O2); central and occipital (C4-O2); and parietal 
and occipital (P4-O2, P8-O2) regions.   
   The EEG coherence estimates the linear correlation 
between two signals as a function of frequency. It also 
estimates the degree of synchrony between the electrical 
activities of the two brain regions concentrating on a certain 
frequency or EEG band. Coherence spectrum is derived from 
cross-spectral density functions of Fourier transform. 
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where xy2κ is the estimated coherence range between 0 and 1. 
For a given frequency ( )0f , ( )02 fxyκ =0 indicates that the 
activities of the signals in this frequency are linearly 
independent, whereas a value of ( )02 fxyκ =1 gives the 
maximum linear correlation for this frequency.  
    A well known non-parametric spectral estimation 
algorithm is the Capon’s approach, also known as MVDR [7]. 
Benesty et al. have proposed a method to estimate the 
magnitude squared coherence function [8]. The MVDR 
spectrum is often considered as an output of a bank of filters 
with each filter centered at one of the analysis frequencies. 
The MVDR bandpass filters are both data and frequency 
dependent in comparison to parametric periodogram 
approach, which is both data and frequency independent [9].  
In the proposed generalized MVDR method, the filter 
coefficients are chosen so as to minimize the variance of the 
filter output, subject to constraint: 
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where the unitary matrix is 
U = [ 0u     1u     …   1−Ku ] with 
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and K filters of length K are 
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   The magnitude squared coherence function is defined 
between two signals )(nx and )(ny as  
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By conducting extended mathematical calculation [7], the 
magnitude squared coherence becomes: 
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where ( )ku  is a unitary matrix; and ( ) 10 2 ≤≤ kxy uγ . 
IV. RESULTS 
 
   The comparison between the Welch’s average periodogram 
method (Matlab’s ‘cohere’ function) and MVDR coherence 
approach, is shown in Figure 1. As a result of this 
computation, we have decided to apply MVDR coherence 
algorithm in the extended analysis of our EEG data, using the 
sampling frequency of 256Hz and window length (K) of 128.   
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Figure 1. The coherence comparison computed by the Matlab’s ‘cohere’ 
function (- -) and magnitude squared coherence function (--) plots. The 
estimate of magnitude squared coherence function shows that coherence is 
smoothed and reduces and irregularities of coherence exhibited by Matlab’s 
Welch average periodogram function over the 0 to 45Hz frequency range. 
 
   Using statistical SPSS (ver. 14) software tool, the processed 
coherence results were statistically analysed using Wilcoxon 
(Matched-Pairs) Signed-Ranks Test. For the 
inter-hemispheric coherence at delta band, a significant 
increase (z=-2.506, p<0.012) was revealed between the 
baseline and during 4Hz visual stimulation at parietal P3-P4 
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region, as shown in Table 1. It was evident that at this same 
parietal region, the inter-hemispheric coherence has also 
significantly increased during the visual stimulation at 13Hz 
(alpha2) and 16.66Hz (beta) bands, z=-2.376, p<0.017 and 
z=-3.286, p<0.001, respectively (see Table I). The only other 
significant difference between the baseline and during visual 
stimulation was an increase at 13Hz (alpha2) band, z=-3.020, 
p<0.003 at the occipital region (O1-O2). All the other regions 
and EEG bands showed non-significant differences. For the 
intra-hemispheric coherence at alpha2 band, a significant 
increase (z=-2.117, p<0.034) was revealed between the 
baseline and during 13Hz VS at C4-O2 region, as shown in 
Table II. Within the same alpha2 band, intra-hemispheric 
coherence exhibited a significant increase (z=-2.296, 
p<0.022) during 13Hz VS at P4-O2 region. The 
intra-hemispheric coherence was also significantly increased 
(z=-2.421, p<0.015) at P4-O2 region at beta/16.66Hz. All the 
other regions and EEG bands showed non-significant 
differences. 
V. DISCUSSION 
 
   Overall, the results showed that the inter-hemispheric 
coherence was significantly higher during VS at delta/4Hz, 
alpha2/13Hz and beta/16.66Hz at parietal regions in 
comparison to baseline and also significantly higher during 
13Hz VS in alpha2 band at the occipital region. The 
intra-hemispheric coherence was significantly increased 
during alpha2 band/13Hz VS at right hemisphere centro and 
parieto-occipital brain regions. In addition, the coherence was 
also significantly higher during 16.66Hz VS at beta band at 
the right hemisphere parieto-occipital region. For each 
hemisphere coherence configuration (intra/inter), a corrected 
alpha rate (p<0.00104) for multiple tests was calculated using 
Bonferroni test. 
Only the inter-hemispheric coherence at beta EEG band 
during 16.66Hz VS was found to be significant. No other 
significant differences were observed as a result of this 
correction. Due to the influence of EMF stimulation on the 
human brain wave activity prior to visual stimulation in our 
study, we initially suspected that our results would not be 
similar to Teplan [4] study which showed a significant 
inter-hemispheric coherence increase in alpha1 band 
(8-10Hz) at frontal region in comparison to our alpha2 and 
beta bands (Bonferroni corrected alpha rate) at parietal 
region. However, Basar’s findings [5] on functional 
significance of EEG alpha rhythms at occipital cortex which 
respond to oscillatory 12Hz light stimulation do in fact 
closely correlate with our findings of intra-hemispheric 
coherence difference at alpha2/13Hz VS (occipital region) 
and inter-hemispheric coherence difference at alpha2/13Hz 
VS (right hemisphere centro and parieto-occipital brain 
regions).        
 
TABLE I 
THE STATISTICAL ANALYSIS OF INTER-HEMISPHERIC COHERENCE FOR INDIVIDUAL EEG AND VISUAL STIMULUS USING WILCOXON (MATCHED-PAIRS) 
SIGNED-RANKS TEST. 
Inter-Hemispheric 
Coherence Z Asymp.  Sig. (p) delta/4Hz theta/8.33Hz alpha1/10Hz alpha2/13Hz beta/16.66Hz gamma/50Hz
Z -1.769 -0.196 -0.572 -0.956 -0.500 -0.688  
Fp1-Fp2 p 0.077 0.844 0.567 0.339 0.617 0.492 
Z -0.456 -0.205 -0.947 -0.331 -1.295 -0.366  
F7-F8 p 0.649 0.837 0.344 0.741 0.195 0.714 
Z -0.750 -1.814 -0.411 -0.080 -0.929 -0.652  
F3-F4 p 0.453 0.070 0.681 0.936 0.353 0.514 
Z -0.098 -0.009 -1.010 -0.599 -0.009 -0.670  
T7-T8 p 0.922 0.993 0.313 0.549 0.993 0.503 
Z -0.616 -1.260 -0.179 -1.099 -1.599 -1.555  
C3-C4 
 
p 0.538 0.208 0.858 0.272 0.110 0.120 
Z -2.506 -1.081 -1.272 -2.376 -3.386 -1.018  
P3-P4 p 0.012 0.280 0.204 0.017 0.001 0.308 
Z -1.510 -0.742 -0.652 -1.170 -0.420 -0.116  
P7-P8 p 0.131 0.458 0.514 0.242 0.675 0.908 
Z -0.563 -1.519 -1.403 -3.020 -1.278 -0.027  
O1-O2 p 0.574 0.129 0.161 0.003 0.201 0.979 
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TABLE II 
THE STATISTICAL ANALYSIS OF INTRA-HEMISPHERIC COHERENCE FOR INDIVIDUAL EEG AND VISUAL STIMULUS USING WILCOXON (MATCHED-PAIRS) 
SIGNED-RANKS TEST. 
Intra-Hemispheric 
Coherence 
Z Asymp.  
Sig. (p) delta/4Hz theta/8.33Hz alpha1/10Hz alpha2/13Hz beta/16.66Hz gamma/50Hz 
Z -1.081 -1.689 -1.313 -0.510 -0.867 -0.402  
T7-O1 p 0.280 0.091 0.189 0.610 0.386 0.688 
Z -0.759 -0.884 -0.188 -1.295 -0.706 -1.010  
T8-O2 p 0.448 0.376 0.851 0.195 0.480 0.313 
Z -1.081 -0.205 -0.429 -0.768 -1.141 -1.206  
C3-O1 p 0.280 0.837 0.668 0.442 0.254 0.228 
Z -1.456 -0.027 -1.367 -2.117 -0.438 -0.920  
C4-O2 p 0.145 0.979 0.172 0.034 0.662 0.357 
Z -0.456 -0.661 -0.634 -1.849 -1.796 -0.063  
P3-O1 p 0.649 0.509 0.526 0.064 0.073 0.950 
Z -1.179 -0.223 -1.159 -2.296 -2.421 -1.447  
P4-O2 p 0.238 0.823 0.246 0.022 0.015 0.148 
Z -0.205 -0.992 -0.634 -0.759 -0.983 -0.724  
P7-O1 p 0.837 0.321 0.526 0.448 0.326 0.469 
Z -0.168 -0.545 -0.786 -0.456 -0.259 -1.653  
P8-O2 p 0.866 0.586 0.432 0.649 0.796 0.098 
 
     
VI. CONCLUSION 
 
 The analysis from this study revealed that visual 
stimulation could possibly induce changes in the EEG inter 
and intra-hemispheric responses when the MVDR coherence 
algorithm together with appropriate statistical technique was 
applied. The results showed that functional significance of 
EEG alpha rhythms at parietal, and occipital cortex, respond 
to oscillatory 13Hz and 16.66Hz light stimulation, 
respectively.  
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